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Abstract 
At a time when the supremacy of SQUIDs as the most sensitive magnetometers is being challenged by the recent 
progress of optically pumped atomic magnetometers operating at room temperature, looking into new opportunities to 
further improve SQUIDs sensitivity would probably be most welcomed by the SQUID community. By far the most 
promising such opportunity is to operate a double (D) rf SQUID (an rf-SQUID in which a dc-SQUID is used instead 
of a single Josephson junction) in a non-adiabatic regime at frequencies of about a few GHz. At these relatively high 
frequencies required to assure an ultra-high SQUID sensitivity the SQUID-design complexity and the cost of the 
electronics involved (current generator and SQUID amplifier) are still kept at reasonable levels. The advantages of 
using this concept, as presented in my contribution in more detail now, are overwhelming. Ironically, although this 
idea in its preliminary shape has been around for some time now [1], the opportunity has never been explored 
experimentally! I am just wondering what else needs to be done to get this message across the SQUID community 
and have this concept finally tested experimentally? 
 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
Keywords:SQUIDs, Josephson effect. 
1. Why a D-SQUID operating in a non-adiabatic regime ? 
Rf-SQUIDs operation can be visualized as a particle motion in a one dimensional potential U(I) where 
Iis the phase difference across the Josephson junction. The particle is driven by an external rf flux 
perturbation )xRF. Depending on the value of the SQUID parameter E SLIc/) one can distinguish two 
qualitatively different operation regimes: a hysteretic (E!) or a non-hysteretic regime (E). Here L is 
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the SQUID inductance, Ic is the Josephson critical current and ) is the flux quantum. In a hysteretic 
regime U(I) is characterized by multiple local minima (metastable states) and maxima. As the system 
evolves the particle will experience a multitude of dissipative transitions for Ibetween local minima. It 
takes about 5/Zi for such a Itransition to complete. Here Zi = SRIc/)  is the characteristic Josephson 
junction frequency and R is the Josephson junction resistance. These noisy dissipative transitions are the 
main source of intrinsic noise in hysteretic rf SQUIDs. It is for that reason that traditionally such a 
hysteretic regime has been largely avoided in order to optimize the SQUID output sensitivity. There are 
two ways to avoid it. The first one is to operate an rf SQUIDs in a non-hysteretic regime, i.e., to build an 
rf SQUID with Eand operate it at a frequency typically much lower than Zi. The second one is to 
operate an rf SQUID at the frequency ZRF comparable or larger than Zi. In this case the rf drive through 
the potential U(I) is so quick that the particle cannot settle to the bottom of the local minima. The system 
traverses far beyond the point where the barrier to the next lower minimum disappears without making a 
transition. Before the system has a chance to transit to the adjacent local minimum the external rf flux 
perturbation )xRF changes and the barrier reappears. The phase Ibecomes significantly out of phase with 
the rf drive. Such an operation regime is known as a non-adiabatic regime. It requires an ultra-high 
frequency (uhf) drive. Also in this regime the value of E is insignificant, it can be smaller or larger than 
unity. 
Summarizing, both a non-hysteretic rf SQUID (characterized by E<1) operating in an adiabatic regime 
and an uhf SQUID (characterized by an arbitrary E) operating in a non-adiabatic regime are avoiding 
noisy dissipative flux transitions during operation and therefore both are low-noise devices [1]. Another 
important figure of merit for a SQUID is its voltage output signal or flux-to-voltage transfer function 
which is proportional to E.  It follows that a SQUID with a E >>1 and operating in a non-adiabatic 
regime would maximizes both the noise and the output signal. This surely would represent the best way to 
proceed in many applications. The drawback of this option is the cost of the electronics involved. Indeed, 
since rf SQUID sensitivity His inverse proportional to its cut-off frequencyZc = R/L=ZiE, typical 
optimal values for Zc these days are around 10 GHz. A non-adiabatic device with E >>1 would haveZi 
>>Zc=10GHz and would need to operate at hundreds of GHz. At these frequencies the SQUID-design 
complexity and the cost of the electronics involved (current generator and SQUID amplifier) are quite 
high which makes this option ultimately unattractive. This is the main reason why single-junction rf 
SQUIDs operating in the non-adiabatic have been very rarely used in applications. This situation can 
drastically change if two-junction rf SQUIDs (called a D-SQUID) operating in a non-adiabatic regime are 
used instead [2, 3]. Indeed, for a D-SQUIDs Zi can be made comparable or even much smaller than Zc 
while keeping E>>1. That in turn will open the opportunity to operate SQUIDs in a non-adiabatic regime 
at much lower frequencies of about a few GHz where the electronics involved are relatively inexpensive. 
This should make the D-SQUID operating  in a non-adiabatic regime an extremely sensitive and cost-
effective device.  
 
2. The D-SQUID operation 
A comprehensive theoretical investigation on a D-SQUID operated at UHF can be found in [2]. There 
both the cases of a noise free system and of a device operating under the influence of various sources of 
noise have been considered. In this article a complementary investigation is presented as far as the D-
SQUID response to an UHF flux perturbation is concerned – a key indicator of its potential.  
The two-junction rf SQUID consists of two quantization loops. The first one is called the DC loop. It 
has an inductance LDC and contains two Josephson junctions (marked as 1 and 2 in Fig.1). The second 
quantization loop contains an inductance LUHF that is inductively coupled to an UHF tank circuit LkCk via 
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a mutual inductance M. An UHF current generator supplies the tank circuit with a current so that an UHF 
flux )xUHF =()/S)a cos(Zt+U) of frequency Z is applied to the D-SQUID. Here )  is the flux quantum, U  is the phase difference and t is the time. The SQUID input low-frequency signal flux to be measured 
)xDC is applied to the DC loop via a signal coil Lc. The SQUID output voltage is picked up from the 
amplifier A.  
                       
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A schematic diagram of a D-SQUID. 
The input signal of a D-SQUID is given by the DC flux to be measured )xDC  that modulates the value 
of ai, the amplitude of the UHF flux inside path the *i. The output response of a D-SQUID is represented 
by its voltage amplitude V that is proportional to the amplitude a of the applied external UHF flux )xUHF: 
()/S)a = Vk/ZL/Lk. Here, L = LUHF + LDC/2 is the SQUID inductance, k is the coupling coefficient 
between the tank circuit,  L  is the SQUID loop, Lk is the tank circuit inductance, and J= L/ LDC . The 
relation between )xDC, ai and a is therefore essential in understanding how a D-SQUID acts like a flux-to-
voltage transducer. For arbitrary values of the bias frequency Z ai(a,)xDC) has been calculated in [2]. In 
the approximation that ZL/R  = q >> 1 (or equivalently Z  >> Zc ) when the D-SQUID is operated in a 
non-adiabatic regime it simplifies to:  
 
                                                                                                                                                                 (1) 
 
 
 
 
Here <IL!with i=1, 2 are the low-frequency averages of the phase differences Iand I across the 
two Josephson junctions. <IL!are non-linear functions of )xDC  that can easily be numerically evaluated 
[2]. Then E SLIc/), and J0 and J1  are the Bessel functions of the first kind of order 0 and 1, 
respectively. Eq. (1) is plotted in Figs.2 for various values of the D-SQUID set of three parameters 
(EJq): (1, 5, 2.5), (10, 1, 2.5), (10, 5, 2.5) and (1, 5, 2.5). For E=1 the flux modulation is so small that it 
not even visible on the scale represented (see Fig.2b). This is in high contrast to the case of  a traditional 
one-junction SQUID where the output response is optimal for E=1. As q increases the flux modulation of 
the D-SQUID response weakens (for q=2.5 the modulation is significantly larger than for q=5, compare 
Fig.2a with Fig.2d). That suggests q should take values  in the in range between 1 and 5. As J  increases  
from 1 to 5 the flux modulation increases too (compare Fig. 2c with Fig. 2d). That implies that the SQUID 
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Figs. 2. The amplitude ai of the UHF flux inside the path *L(i=1,2 ) as a function of the externally applied UHF flux amplitude a 
for various parameters of a D-SQUID . Two values of an applied DC flux to be  measured are considered )xDC  =0 and S. The values 
of the external bias a where a maximum is reached for the modulation of the D-SQUID output response ai by the applied DC flux 
are indicated by vertical arrows. 
inductance L should be significantly larger than the inductance of the DC loop LDC. Since Zi =3Zc /2J [3] 
a large Jwill also open a wide gap in the frequency range when a D-SQUID can be operated Zi <Z <Zc. 
3. Conclusions 
So far D-SQUIDs have been experimentally tested in a hysteretic adiabatic regime [4] only (q<<1). 
Their output voltage was the range of mV, i.e., about a 100 times larger than for typical single-junction rf 
SQUIDs so that an amplifier was not even required for their use. Their noise properties, however, were 
rather modest (something to expect in a noisy hysteretic regime !) so that the signal-to-noise ratio was 
considerable lower than the best values reached with traditional single-junction rf SQUIDs or dc SQUIDs. 
Unfortunately, that single experimental result prompted the SQUID community to have a rather skeptical 
view on the D-SQUID potential for applications. As shown in [2-3] and emphasized in this work from a 
different point of view D-SQUIDs have to be operated in a non-adiabatic regime (q>1) at frequencies 
about a few GHz. With no extra costs involved in the UHF current sources and read-out electronics they 
should outperformed the best SQUIDs today. 
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